Rho family small GTPases regulate organization of the actin cytoskeleton. Among them, RhoA plays essential roles in the formation of the actin stress ®bers, the associated focal adhesions, and the contractile rings necessary for cytokinesis. Recently, RhoD, a novel member of Rho family has been identi®ed. The amino acid sequences of its eector domain is distinct from those of the other Rho family proteins, suggesting its unique cellular functions. Introduction of the constitutively active form of RhoD G26V into ®broblasts by microinjection or transfection resulted in disassembly of the actin stress ®bers and the focal adhesions, whereas the dominant negative form of RhoD T31K did not aect these structures. The degree of cell migration assessed by the phagokinetic tracks on a substrate covered with gold particles was diminished by the expression of RhoD . Thus, cytoskeletal alterations including the loss of stress ®bers and focal adhesions by RhoD seems to lead to the retardation of cell migration. Transfection of RhoD G26V cDNA into cultured cells also induced multinucleation. Moreover, RhoD G26V microinjected into fertilized eggs and embryos of Xenopus laevis caused cleavage arrest only in the injected cells, and the uncleaved cells contained multiple nuclei. These results imply that RhoD does not aect nuclear division but can interfere with cytokinesis presumably by preventing the formation of the actin-based contractile ring. Enhancement of the stress ®bers by RhoA or RhoA-activating lysophosphatidic acid was reversed by the transfection of RhoD cDNA. Accordingly, the cellular functions of RhoD are likely to be antagonistic to those of RhoA.
Rho family small GTPases regulate organization of the actin cytoskeleton. Among them, RhoA plays essential roles in the formation of the actin stress ®bers, the associated focal adhesions, and the contractile rings necessary for cytokinesis. Recently, RhoD, a novel member of Rho family has been identi®ed. The amino acid sequences of its eector domain is distinct from those of the other Rho family proteins, suggesting its unique cellular functions. Introduction of the constitutively active form of RhoD G26V into ®broblasts by microinjection or transfection resulted in disassembly of the actin stress ®bers and the focal adhesions, whereas the dominant negative form of RhoD T31K did not aect these structures. The degree of cell migration assessed by the phagokinetic tracks on a substrate covered with gold particles was diminished by the expression of RhoD G26V but not by RhoD T31K . Thus, cytoskeletal alterations including the loss of stress ®bers and focal adhesions by RhoD seems to lead to the retardation of cell migration. Transfection of RhoD G26V cDNA into cultured cells also induced multinucleation. Moreover, RhoD
Introduction
The actin cytoskeleton mediates various cellular functions including cell motility, cell adhesion, and cell division. Members of the mammalian Rho family small GTPases have emerged as key regulators that link cell surface receptors to the organization of the actin cytoskeleton. The family comprises RhoA, RhoB, RhoC, Rac1, Rac2, Cdc42, Tc10, RhoG, RhoE, and recently identi®ed RhoD (Narumiya, 1996; Murphy et al., 1996; Van Aelst and D'Souza-Schorey, 1997) . The functions of RhoA, Rac1, and Cdc42 and their target eector proteins have been intensively examined. In ®broblasts, activation of RhoA by the extracellular ligand lysophosphatidic acid (LPA) leads to the assembly of contractile actin stress ®bers and associated focal adhesions . Rac1 activated by platelet-derived growth factor or insulin induces the assembly of an actin ®lament meshwork to generate membrane rues (lamellipodia) and speci®c focal complexes Nishiyama et al., 1994; Nobes and Hall, 1995) . On the other hand, Cdc42 activated by bradykinin is responsible for the formation of actin ®lament-containing microspikes (®lopodia) and associated focal complexes (Kozma et al., 1995; Nobes and Hall, 1995) . In addition, Cdc42 can activate Rac1, hence extension of ®lopodia is accompanied by concerted lamellipodial spreading (Kozma et al., 1995; Nobes and Hall, 1995) . Sequentially Rac1 can activate RhoA to form stress ®bers, although this is a weak and delayed response in ®broblasts Hall, 1998) .
Microinjection of Clostridium botulinum C3 ADPribosyltransferase (C3 exoenzyme), which inactivates RhoA by ADP-ribosylating its eector domain, or Rho guanine nucleotide dissociation inhibitor (Rho GDI) into Swiss 3T3 ®broblasts causes inhibition of cell migration (Takaishi et al., 1993) . Hepatocyte growth factor (HGF) or 12-O-tetradecanoylphorbol-13-acetate (TPA) induces cell migration of a mouse keratinocyte cell line. The migration is also suppressed by microinjection of C3 exoenzyme or Rho GDI . These ®ndings suggest that RhoA mediates migration of these cells.
When C3 exoenzyme or Rho GDI is injected into Xenopus embryos (Kishi et al., 1993; Drechsel et al., 1997) or sand dollar eggs (Mabuchi et al., 1993) , actin/ myosin-based contractile ring formation is inhibited. In addition, if C3 exoenzyme is injected during cleavage, it causes regression of the cleavage furrow (Mabuchi et al., 1993) . Inhibition of RhoA by these proteins results in the interference with cytoplasmic cleavage but not with nuclear division and consequently multinucleation is induced (Kishi et al., 1993; Mabuchi et al., 1993) . Accordingly, RhoA is required for progression of cleavage through the formation of contractile ring.
RhoD has been cloned by the strategy based on the polymerase chain reaction (Murphy et al., 1996; Matsumoto et al., 1997) . The amino acid sequence of its eector domain is distinct from those of the other members of the Rho family, suggesting its unique functions among the family. When wild-type or constitutively activated RhoD is transiently expressed in various types of cultured cells by the T7 vaccinia virus system, it induces rearrangements of actin cytoskeleton (Murphy et al., 1996) . The actin stress ®bers disappear, and instead actin-containing long thin processes are formed at the cell periphery. In addition, any focal complexes containing vinculin or paxillin are disassembled in the cells. RhoD also interferes with the formation of large endosomes by the homotypic fusion between the early endosomes in response to the constitutively active form of Rab5 (Murphy et al., 1996) . This is likely to be primarily due to an inhibition of intracellular motility of the early endosomes through disrupting cytoskeletal ®laments.
In the present study, we examined the eects of RhoD on the cell migration and mitosis. The degree of cell migration was diminished by the expression of activated RhoD. Cytoskeletal changes including the loss of stress ®bers and focal adhesions by RhoD may lead to the inhibition of cell migration. Transfection of the activated RhoD cDNA into cultured cells also induced multinucleation. Microinjection of the activated RhoD protein into Xenopus eggs and embryos gave rise to cleavage arrest and generated the uncleaved cells containing multiple nuclei. Thus, RhoD does not aect mitosis but can impede cytokinesis possibly by preventing the formation of the contractile ring. Furthermore, enhancement of the stress ®bers by RhoA or LPA was reversed by the transfection of RhoD cDNA. These results suggest that RhoD antagonizes the eects of RhoA on the actin cytoskeleton.
Results

Structural properties of RhoD
We have cloned a cDNA encoding RhoD by screening a cDNA library of the mouse skeletal muscle C2 myotubes with a product of the 3' rapid ampli®cation of cDNA ends (3' RACE) (Matsumoto et al., 1997) based on the polymerase chain reaction. This cDNA includes the entire coding region as well as the 5' and 3' untranslated regions (DDBJ/EMBL/GenBank Data Bank accession number D89821). The predicted amino acid sequence of this cDNA is identical to that reported by Murphy et al. (1996) . Comparison of the entire amino acid sequence with those of the other members of the Rho family indicates that RhoD is distinct from the other members over the whole sequence (data not shown). This is corroborated by the evolutional relationship that RhoD diverged from the other Rho family proteins at an early stage of evolution (Matsumoto et al., 1997) . RhoD is distinct from the other Rho family members as many as seven amino acids with respect to the nature of their side chains within the core eector domain and the putative extended eector domain (Self et al., 1993) (Figure 1 ). This sequence divergence of RhoD suggests that it interacts with speci®c target proteins and that consequently it exerts unique cellular functions.
Destruction of stress ®bers and focal adhesions by RhoD
To examine the eects of RhoD in ®broblasts, the bacterially expressed recombinant proteins were microinjected into serum-starved subcon¯uent Swiss 3T3 cells. These quiescent cells still contained many actin stress ®bers although the stress ®bers were thinner than those in proliferating cells (Kozma et al., 1995) . Fluorescein-conjugated dextran was coinjected with the proteins to identify injected cells. When the cells were microinjected with the constitutively active form of RhoD G26V , most stress ®bers disappeared within 30 min, as detected by rhodamine-phalloidin staining (Figure 2a ). This result is consistent with the previous report (Murphy et al., 1996) , although thin processes containing actin ®laments were not de®nitely formed in the injected cells compared with uninjected cells under these conditions. Injection of the dominant negative RhoD T31K did not cause appreciable cytoskeletal changes (Figure 2b) . cDNAs encoding the constitutively active and the dominant negative forms of RhoD, which were fused with Myc-epitope tag at their N-termini, were expressed by transient transfection in proliferating C3H/10T1/2 ®broblasts. We used this cell line for transfection instead of Swiss 3T3 cells owing to much higher transfection eciency. The cells were doubly stained with the monoclonal antibody (mAb) Myc1-9E10 recognizing the Myc-tag and rhodamine-phalloidin. The RhoD
G26V
-expressing cells often exhibited disappearance of the stress ®bers and instead diused phalloidin staining throughout the cytoplasm within 18 h after the transfection (Figure 2c ). This diused phalloidin staining appears to represent disassembled or further fragmented actin ®laments. Double staining with Myc1-9E10 and anti-vinculin antibody showed that the focal adhesions also became scarcely detectable in most of the RhoD (Yeramian et al., 1987) , mouse RhoB (Nakamura et al., 1996) , mouse RhoC (Segade et al., 1995) , human RhoE (Foster et al., 1996) , human RhoG (Vincent et al., 1992) , mouse Rac1 (Moll et al., 1991) , mouse Rac2 (Shirsat et al., 1990) , mouse Cdc42 (Marks and Kwiatkowski, 1996) , and human Tc10 (Drivas et al., 1990) . Amino acids at positions of 450% identity are shown in white on black. Double overlines and dashed overlines denote the core and the putative extended eector domains, respectively. Amino acids in RhoD distinct from those in the other Rho family proteins in the core and extended eector domains are pointed out by daggers
Suppression of cell migration by RhoD
Since it has been suggested that actin-associated structures are involved in cell migration (Lauffenburger and Horwitz, 1996; Mitchison and Cramer, 1996) , destruction of the stress ®bers and focal adhesions by RhoD prompted us to examine the eect of the protein on cell migration. The degree of cell migration was assayed by phagokinetic tracks of 10T1/2 cells on gold particle-coated glass coverslips (Albrecht-Buehler, 1977) . The cells were transfected with the Myc-tagged cDNA of RhoD G26V or RhoD T31K and replated on the particle-coated coverslips. The tracks free of the particles generated by phagocytotic ingestion or attachment of the particles on the cell surface correspond to migration trails. The degree of migration was markedly retarded in most of the RhoD (Table 1) . These results evidently indicate that migration ability of the ®broblasts is suppressed by the forced expression of the activated RhoD.
Induction of multinucleation in cultured cells by RhoD
When Myc ± RhoD G26V was expressed by transfection in Balb/3T3 and 10T1/2 ®broblasts and N1E-115 neuroblastoma cells, the cells with two to four nuclei became evident by 24 h after the transfection (Figure 4 ). The cytoplasm of such multinucleated cells tended to be larger than that of mononucleated cells. In Balb/3T3 cells, such multinucleated cells were *10% of the RhoD G26V -expressing cells at this time (Table 2) . On the other hand, essentially all of the untransfected cells and the cells transfected with the vacant Myc-tagging vector pCMVmyc contained single nuclei ( Table 2 ). The ratio of multinucleated cells elevated up to *20% by 48 h, but most of them contained two nuclei and few cells contained more than four nuclei (data not shown). Although a few per cent of 10T1/2 and N1E-115 cells already contained two nuclei prior to transfection, the percentage of multinucleated cells elevated after the transfection (Table 2) .
Forced expression of a constitutively active mutant of Cdc42 G12V in human HeLa-derived cells has been shown to induce multinucleation and enlargement of the cytoplasm (Dutartre et al., 1996) . We also transfected Myc ± Cdc42 G12V cDNA to Balb/3T3, 10T1/2, and N1E-115 cells. The cells became multinucleated similarly to those transfected with Myc ± RhoD G26V cDNA. The ratio of the multinucleated cells was also *10% in the Balb/3T3 cells expressing Cdc42
G12V at 24 h after the transfection (data not shown). This ratio is almost comparable to that reported by Dutartre et al. (1996) using the stably transfected cells. These results suggest that the forced expression of the activated RhoD induces multinucleation in the cultured cells by preventing cytokinesis as has been postulated for Cdc42.
Interference with cleavage and induction of multinucleation in Xenopus embryos by RhoD
To con®rm the postulation that the activated RhoD induces multinucleation by preventing cytokinesis, we microinjected the recombinant RhoD G26V or RhoD T31K protein into one blastomere of Xenopus laevis embryo at the two-cell stage. A cell injected only with the injection buer cleaved normally (Figure 5Aa ). The RhoD G26V -injected cell, however, usually cleaved only once and ceased cleavage after that, whereas the opposite uninjected blastomere cleaved normally (Figure 5Ab ). This injection consequently gave rise to hemiblastulation. Occurrence of one cleavage after the injection seems to be ascribable to a short period between the ®rst and the second cleavage (*30 min) and a time lag between the injection and activation of the protein by the C-terminal modi®cations including isoprenylation (Glomset and Farnsworth, 1994) or accession of the modi®ed RhoD to its target proteins. Microinjection of c-Mos RNA (Sagata et al., 1989) , the anti-XAC antibody, or excess amounts of the constitutively active XAC protein (Abe et al., 1996) to one blastomere of the two-cell stage embryo similarly cleaved only once or a few times and generates hemiblastula. RhoD T31K -injected cell cleaved normally and was indistinguishable from the uninjected embryo (Figure 5Ac ).
To examine whether nuclear division took place or not in the RhoD G26V -injected blastomere, paranembedded sections of the embryo was stained with bisbenzimide H33258. Two or three nuclei were detected in each section of the uncleaved blastomere (Figure 5Ba) . Thus, the RhoD G26V -injected cell became multinucleated. Mabuchi et al. (1993) have shown that The phagokinetic tracks of 10T1/2 cells transfected with Myc-tagged RhoD G26V or RhoD T31K cDNA were recorded as micrographs and traced on graph paper. The area of the tracks (n=12 for each transfection experiment) was calculated and expressed as mean+s.d. microinjection of C3 exoenzyme into sand dollar eggs induce multinucleation by preventing cytokinesis but not nuclear division. To compare the eects of RhoD G26V and C3 exoenzyme, each of these proteins was injected into Xenopus fertilized eggs before cleavage. The eggs injected with each protein cleaved only once and arrested cleavage after that. Because Xenopus embryos are opaque and thus the nuclei in intact whole embryos cannot be observed by microscopy, they were squashed after the staining with H33258 to count the total number of the nuclei. Both the RhoD G26V -injected embryo and the C3 exoenzymeinjected embryo contained about 32 nuclei at the time corresponding to stage 6 of control embryo (Figure  5Bb and c) . Taken together, these results imply that the The fertilized eggs were injected with RhoD G26V (b) or C3 exoenzyme (c) and ®xed at the time corresponding to stage 6 of control embryo. The squashed embryos were stained with H33258. Only one microscopic ®eld, which usually contains 1 ± 6 nuclei, is shown for each embryo. Scale bar, 100 mm activated RhoD as well as C3 exoenzyme interferes with cytokinesis of the blastomeres without aecting nuclear division and that consequently the protein induces multinucleation in the blastomeres and in the cultured cells as well.
Antagonistic eects of RhoD to RhoA action
The above eects of RhoD appeared to be antagonistic to those of RhoA. To assess this possibility, constitutively activated RhoA G14V , RhoD G26V , or both the cDNAs were transfected to 10T1/2 cells. The stress ®bers were enhanced by the expression of hemagglutinin (HA)-tagged RhoA G14V in as much as 93% of the expressing cells (Figure 6a and b, Table 3 ). When HA ± RhoA G14V and Myc ± RhoD G26V ) cDNAs were cotransfected, the ratio of cells containing the enhanced stress ®bers decreased to 80% (Figure 6c ± e, Table 3 ). Thus, RhoD interferes at least in some of the cells with the stress ®ber formation induced by RhoA.
The interference with the stress ®ber formation only in a subset of the cotransfected cells might be due to the dual expression of the constitutively active RhoA G14V and RhoD
G26V
. Therefore, we next transfected only Myc ± RhoD G26V cDNA to 10T1/2 cells and then stimulated the cells with LPA to activate endogenous RhoA. More than 70% of the RhoD G26V -expressing cells contained diminished stress ®bers, whereas the unexpressing cells contained the stress ®bers enhanced by the LPA treatment (Figure 6f and  g ). These results indicate that RhoD has an antagonistic eect to RhoA at least in the stress ®ber formation. G14V and Myc ± RhoD G26V cDMAs, 24 h after the transfection. RhoA G14V -induced enhancement of the stress ®bers was suppressed by the coexpression of RhoD G26V (e, arrow). (f and g) Cells transfected with Myc ± RhoD G26V cDNA and stimulated with LPA. Twenty-four hours after the transfection, the cells were treated with 200 ng/ ml LPA for 10 min. RhoD G26V -expressing cells (arrows) contained diminished stress ®bers, whereas unexpressing cells contained enhanced stress ®bers (g). HA ± RhoA G14V -expressing cells were detected by anti-HA-tag antibody staining (a and c). Myc ± RhoD G26V -expressing cells were detected by Mcy1-9E10 staining (d and f). Actin ®laments were detected by the staining with coumarin ± phallacidin (blue¯uorescence) (b and e) or with rhodamine ± phalloidin (g). Scale bar, 20 mm 10T1/2 cells were either singly transfected with HA ± RhoA G14V or Myc ± RhoD G26V cDNA or cotransfected with both the cDNAs. HA ± RhoA G14V -and Myc ± RhoD G26V -expressing cells were detected by anti-HA-tag antibody and Myc1-9E10 staining, respectively. Stress ®bers were detected by the staining with coumarin ± phallacidin. The expressing cells with (+) or without (7) enhancement of the stress ®bers were counted
The above results urged us to determine how RhoD interferes with the eect of RhoA. One possible mechanism is that RhoD binds to eectors of RhoA to sequester them away from RhoA. The Rhoassociated kinase isozymes, Rho-kinase/ROCK-II/ ROKa and ROCK-I/ROKb, are the eector proteins of RhoA mediating the assembly of the stress ®bers and focal adhesions (Leung et al., 1996; Amano et al., 1997; Ishizaki et al., 1997) . To examine whether RhoD aects Rho-kinase, interaction of RhoD G26V and RhoA G14V with each domain of Rho-kinase was analysed by ligand overlay assay. RhoA G14V strongly bound to the Rho-binding domain, whereas RhoD G26V did not bind to any domains of Rho-kinase in this assay (Figure 7) . Consequently, RhoD is likely to antagonize RhoA action inducing the stress ®bers through a way other than direct prevention of Rho-kinase.
Discussion
The amino acid sequence within the core eector domain and the putative extended eector domain of RhoD is distinct from those of the other Rho family members. As has been expected from its sequence divergence, RhoD exerted unique cellular eects dierent from those of the known Rho family proteins. Microinjection of the constitutively active RhoD G26V protein into ®broblasts and transfection of its cDNA to ®broblasts resulted in disassembly of the actin stress ®bers and associated focal adhesions as has been reported by Murphy et al. (1996) . RhoA mediates the formation of the stress ®bers and focal adhesions in cultured cells stimulated by extracellular signaling molecules such as LPA . Introduction of the activated RhoA G14V protein in cultured cells by microinjection or transfection brings about the same cytoskeletal changes Amano et al., 1997; Uehara et al., 1997; Sahai et al., 1998) . Cotransfection of RhoA G14V and RhoD G26V cDNAs brought about interference with enhancement of the stress ®bers induced by RhoA G14V in a subset of the coexpressing cells. Moreover, transfection of RhoD G26V cDNA followed by LPA treatment not only prevented LPA-induced enhancement of the stress ®bers but also diminished preexisting stress ®bers. These results imply that RhoD has an antagonistic eect to RhoA at least in the stress ®ber formation.
Transfection of RhoD G26V cDNA to ®broblasts resulted in retardation of cell migration as detected by phagokinetic track analysis. Since it has been postulated that actin-associated structures are required for cell migration (Lauenburger and Horwitz, 1996; Mitchison and Cramer, 1996) , the alterations in cytoskeletons and cell adhesions including the stress ®bers and focal adhesions by the activated RhoD may lead to the interference with cell migration. Inactivation of RhoA and related proteins by C3 exoenzyme or Rho GDI causes inhibition of cell migration (Takaishi et al., 1993 . These ®ndings corroborate the above notion. Cells transformed with the activated RhoA or Rac1 as well as with the oncogenic guanine nucleotide exchange factors (GEFs) (Dbl, Ost, Tiam-1, and Vav) for Rho family members exhibit invasive and metastatic potential either in vivo or in vitro (Habets et al., 1994; Michiels et al., 1995; del Peso et al., 1997) . RhoA and Rac1 are therefore likely to play important roles in aquisition of invasive and metastatic properties of tumor cells. In this context, RhoD might be applicable to prevent invasive and metastatic potential of the transformed cells.
Multinucleation was induced in several cell types including ®broblasts and neuroblastoma cells transfected with RhoD G26V cDNA. Induced expression of the constitutively active Cdc42 G12V in HeLa cells also results in multinucleated cells (Dutartre et al., 1996) . The ratio of multinucleated cells induced by the transfection of the RhoD cDNA was almost comparable to that in the Cdc42-expressing cells. Multinucleated cells are also generated by forced expression of the oncogenic forms of Vav, Dbl, and Tiam-1 (Katzav et al., 1989; Ron et al., 1991; Habets et al., 1994) , which exhibit GEF activity for Cdc42 (Hart et al., 1991; Michiels et al., 1995; Han et al., 1997) . Because Cdc42 is implicated in the reorganization of actin cytoskeleton (Kozma et al., 1995; Nobes and Hall, 1995; Dutartre et al., 1996) , formation of the contractile rings or some cytoskeletal structures required for cytokinesis may be abrogated by deregulated expression of Cdc42. Similarly, overexpression of the activated RhoD is likely to prevent cytokinesis by suppressing the formation of these cytoskeletal structures. The prevention of cytokinesis without aecting nuclear division seems to result in the formation of multinucleated cells. Recently, citron kinase, an eector protein of RhoA, has been shown to be involved in cytokinesis (Madaule et al., 1998) Transfection of cDNAs encoding the truncation mutants of citron kinase results in a failure in cytokinesis to generate multinucleated cells. This ®nding also supports the possibility that deregulated expression of RhoD G26V gives rise to multinucleated cells through interfering with RhoA action. Although the RhoD G26V -expressing cells as well as the Cdc42 G12V -expressing cells contained two or three nuclei, they rarely contained more than four nuclei even after long cultivation. This might be due to intrinsic restrictions of cells to accommodate too many nuclei such as limited cytoplasmic volume without cytokinesis.
Microinjection of RhoD G26V protein into the Xenopus eggs and embryos demonstrated the above possibility that the multinucleation in RhoD G26V -expressing cells is induced by the prevention of cytokinesis without aecting nuclear division. When C3 exoenzyme or Rho GDI is injected into Xenopus embryos (Kishi et al., 1993; Drechsel et al., 1997) or sand dollar eggs (Mabuchi et al., 1993) , formation of the contractile rings is impaired. Inhibition of RhoA by these proteins results in the interference with cytoplasmic cleavage but not with nuclear division and consequently multinucleation is induced (Kishi et al., 1993; Mabuchi et al., 1993) . These ®ndings indicate that the eects of the activated RhoD on cytokinesis are similar to those of the inhibitors of RhoA activity and further suggest that RhoD antagonizes RhoA also in cytokinesis. Exerting the eects of RhoD in Xenopus embryos imply that its target proteins and possibly a protein homologous to mammalian RhoD are present in Xenopus embryos.
According to the previous report (Murphy et al., 1996) , thin long processes containing actin ®laments were commonly (70%) formed in cells exogenously expressing wild-type RhoD or RhoD
G26V
. In the present study, however, such processes were not de®nitely detected in the microinjected cells or in the transfected cells compared with uninjected or untransfected cells. One possible explanation for the discrepancy between their results and ours might stem from the dierences in the expression systems or in the cells used. Indeed, the activated RhoA G14V did not stimulate the stress ®ber formation in their T7 vaccinia virus system (Murphy et al., 1996) , whereas we constantly observed that RhoA G14V stimulates the formation of stress ®bers and focal adhesions in both microinjection and transfection experiments (see Figure 6b ) as reported by many investigators Amano et al., 1997; Uehara et al., 1997; Sahai et al., 1998) .
Several eector proteins of RhoA have been identi®ed (Narumiya, 1996; Narumiya et al., 1997; Tapon and Hall, 1997; Van Aelst and D'SouzaSchorey, 1997) . The Rho-associated kinase isozymes, Rho-kinase/ROCK-II/ROKa and ROCK-I/ROKb, mediate the assembly of the stress ®bers and focal adhesions (Leung et al., 1996; Amano et al., 1997; Ishizaki et al., 1997) , presumably by inhibitory phosphorylation of myosin phosphatase subunit and direct phosphorylation of myosin light chain leading to actin ± myosin interaction Amano et al., 1996; Chihara et al., 1997) and by phosphorylation of the Na-H exchanger NHE1 leading to increased binding of integrin to extracellular matrix proteins (Tominaga et al., 1998) . Another eector protein mDia is involved in actin polymerization by recruiting pro®lin . Citron kinase is likely to play essential roles in RhoA-mediated cytokinesis (Madaule et al., 1998) . To address how RhoD interferes with the eects of RhoA, we assessed the possibility that RhoD sequester Rho-kinase from RhoA by binding to the kinase. Although RhoD did not appreciably interact with any domains of Rhokinase, the interaction between RhoD and the other eector proteins remains to be examined. Alternatively, either direct sequestration of RhoA by RhoD or regulation by RhoD of upstream regulators for RhoA, i.e., inhibition of GEFs or constitutive activation of Rho GDI or GTPase-activating proteins (GAPs), might be plausible for simultaneous interference with multiple eects of RhoA.
Recently identi®ed Rho family proteins, Rnd1 and Rnd3/RhoE, which may exist as intrinsically active forms, also disassemble the stress ®bers and focal adhesions and prevent the formation of these structures induced by LPA (Nobes et al., 1998) . These proteins and RhoD, however, may antagonize RhoA action through dierent ways because the core eector domains of Rnd1 and Rnd3 are identical to that of RhoA and distinct from that of RhoD. In any case, RhoD and Rnd might serve as novel types of regulators for RhoA and other Rho family proteins.
Materials and methods
Expression and puri®cation of recombinant proteins
Point mutations to generate the constitutively active form of RhoD G26V and the dominant negative form of RhoD
T31K
were introduced in the cDNA with Transformer sitedirected mutagenesis kit (Clontech Laboratories, Inc.).
Coding sequences of the wild-type and the mutated RhoD were fused in frame to glutathione S-transferase (GST) in pGEX-2T vector (Pharmacia Biotech). These recombinant fusion proteins were expressed in E. coli strain XL1-Blue and anity-purifed with glutathione-Sepharose (Pharmacia Biotech) as described (Matsumoto et al., 1997) . GST moiety was removed from the fusion proteins by digesting with 10 U/ml bovine thrombin (Sigma) (Matsumoto et al., 1997) .
Microinjection into cultured cells
Swiss 3T3 ®broblasts (Todaro and Green, 1963) were grown on glass coverslips in Dulbecco's modi®ed Eagle's (DME) medium containing 10% fetal calf serum (growth medium). Serum-starved subcon¯uent cells were prepared by culturing the cells for 48 h in DME medium containing 0.2% NaHCO 3 (Kozma et al., 1995) . The recombinant proteins of the constitutively active and the dominant negative RhoD were microinjected into the cells as described previously (Matsumoto et al., 1997) . Fluorescein-conjugated dextran (Molecular Probes, Inc.) at a ®nal concentration of 0.5 mg/ml was coinjected with the proteins to allow identi®cation of injected cells. The cells were ®xed and permeabilized and actin ®laments were detected by staining with rhodamine-phalloidin (Molecular Probes, Inc.) as described (Endo et al., 1996) . The specimens were observed with a Zeiss Axioskop microscope equipped with phase-contrast and epi¯uorescence optics.
Microinjection into Xenopus embryos and sectioning of the embryos
About 10 nl of the recombinant RhoD G26V or RhoD T31K protein at 3 mg/ml in the injection buer (80 mM NaCl, 4 mM MgCl 2 , 4 mM HEPES ± NaOH, pH 7.0, and 0.1 mM dithiothreitol) were microinjected into one blastomere of Xenopus laevis embryos at the 2-cell stage. They were microinjected with glass capillary needles by using a micromanipulator (Narishige MO-102R) and a microinjector (Shimadzu CIJ-1). The embryos were ®xed as described (Abe et al., 1996) at appropriate stages after the injection.
They were observed with a Zeiss 2000-C dissection microscope equipped with overhead illumination. The ®xed embryos in 100% ethanol were embedded in paraffin and 5 ± 6 mm-thick sections were prepared. They were mounted on ovalbumin-coated slide glasses and stained with 1 mg/ml bisbenzimide H33258 (Hoechst 33258). C3 exoenzyme expression plasmid pET-3a/C3 was presented by Dr S Narumiya, and the C3 exoenzyme was prepared according to Morii and Narumiya (1995) . The recombinant RhoD G26V or C3 exoenzyme was injected into Xenopus fertilized eggs. At the time corresponding to stage 6 of control embryo, the injected embryos were pricked with a tungsten needle and ®xed with methanol. They were mounted on slide glasses, stained with H33258, and squashed with coverslips. The specimens were observed with the Zeiss Axioskop microscope with a 106Plan-Neo¯uar lens as stated above.
Epitope tagging and transfection
The cDNAs containing the entire coding region of the wild-type and the mutated RhoD were fused in frame to the N-terminal Myc-tag in pCMVmyc vector (Matsumoto et al., 1997) . RhoA G14V cDNA was subcloned in pEF-BOS-HA3 vector . Cdc42 G12V cDNA subcloned in pEF-BOS-myc vector was presented by Dr Y Takai. The mouse C3H/10T1/2 ®broblasts (Rezniko et al., 1973) , mouse Balb/3T3 ®broblasts (Aaronson and Todaro, 1968) , and mouse N1E-115 neuroblastoma cells (Amano et al., 1972) were grown on glass coverslips in the growth medium. They were transfected with these plasmids by the calcium phosphate-mediated method as described (Endo et al., 1996) . The transiently transfected cells were processed for immuno¯uorescence microscopy (Endo and Nadal-Ginard, 1998) . The ®xed and permeabilized cells were incubated with the mAb Myc1-9E10 recognizing the Myc-tag (Evan et al., 1985) (American Type Culture Collection) or with anti-HA-tag rabbit IgG (MBL) and then with¯uorescein isothiocyanate (FITC)-conjugated goat anti-mouse or anti-rabbit IgG (anity-puri®ed, Cappel Laboratories). To detect actin ®laments, rhodamine ± phalloidin or coumarin ± phallacidin (Molecular Probes, Inc.) was included in the secondary antibody. To examine the focal adhesions, anity-puri®ed anti-chicken gizzard vinculin (Endo and Masaki, 1982; Fukami et al., 1994) was included in the primary antibody. To observe the nuclei, cells were further stained with bisbenzimide H33258. When 10T1/2 cells were cotransfected with pCMVmycRhoD and pEF-BOS-HA3/RhoA, they were incubated with Myc1-9E10 plus anti-HA-tag and then with FITC-anti-mouse IgG plus rhodamine-anti-rabbit IgG and coumarin ± phallacidin (emitting blue¯uorescence through UV ®lters). The specimens were observed with Zeiss Axioskop microscope as stated above.
Phagokinetic tracks
Gold particles were prepared and glass coverslips were coated with the particles according to Albrecht-Buehler (1977) . The mutated RhoD cDNAs in pCMVmyc vector were transfected to 10T1/2 cells. Six hours after the glycerol shock, the cells were replated on the gold particle-coated coverslips. They were ®xed 18 h after the replating and processed for immuno¯uorescent staining with Myc1-9E10. The specimens were observed by dark ®eld microscopy and¯uorescence microscopy.
Ligand overlay assay
Coiled-coil (COIL), Rho-binding (RB), loss-of-functionmutated Rho-binding (RB(TT)), and PH domains of Rhokinase were expressed as recombinant GST-fusion proteins in E. coli . GST ± catalytic (CAT) domain was produced in Sf9 cells by the baculovirus system . These anity-puri®ed proteins were subjected to SDS ± PAGE and transferred to Immobilon PVDF membrane (Millipore). They were probed with a-32 P-GTP-labeled GST ± RhoA G14V or GST ± RhoD G26V according to Manser et al. (1995) . Washed membrane was exposed to an X-ray film RX (Fuji).
